Background: Although antiretroviral agents trigger bone loss in human immunodeficiency virus patients, tenofovir disoproxil fumarate (TDF) induces more severe bone damage, such as osteoporosis. While the mechanisms are unclear, probiotic supplements may be effective against osteoporosis. Methods: C57BL6/J mice were administered with Lactobacillus rhamnosus GG (LGG)+TDF, TDF, and zoledronic acid+TDF, respectively. Bone morphometry and biomechanics were evaluated using microcomputed tomography, bone slicing, and flexural tests. The lymphocyte, proinflammatory cytokines, and intestinal permeability levels were detected using enzymelinked immunosorbent assays, quantitative real-time polymerase chain reaction, and flow cytometry. The gut microbiota composition and metabolomics were analyzed using 16S recombinant deoxyribonucleic acid pyrosequencing and ultra-performance liquidchromatography-quadrupole time-of-flight mass spectrometry.
Introduction
Since it was first approved in 2001, tenofovir disoproxil fumarate (TDF) has been widely used in first-line treatment of human immunodeficiency virus (HIV) and hepatitis B virus (HBV) infections worldwide. As part of the highly active antiretroviral therapy (HAART), TDF plays an antiretroviral role by inhibiting adenine analog reverse transcription and dramatically improves the survival of patients with HIV or HBV. 1 However, there are increasing concerns about TDF-induced osteopenia and osteoporosis as life expectancy is prolonged among patients with HIV or HBV. 2 Many studies have shown that HAART aggravates bone loss in HIV or HBV patients because of T-cell reconstitution. 3, 4 However, the magnitude of bone resorption triggered by TDF is larger compared with other anti-HIV agents. 5, 6 Hence, the mechanisms of TDF-induced bone loss may be more complicated than previously believed.
Osteoporosis is a chronic syndrome of excessive skeletal fragility, which is characterized by bone mass loss and bone microarchitecture deterioration. However, there are at least two kinds of specific precipitating factors for osteoporosis in patients infected by retrovirus. First, in patients with HIV for example, viral infection should be taken into account for osteoporosis. 7 Second, antiretroviral therapy (ART), especially nucleotide reverse-transcriptase inhibitors (NRTIs) like TDF, also play a key part in bone loss. 8 Thus, osteoporosis has the characteristics of high risk and young age for the retrovirus-infected population. 9 Epidemiological studies revealed there was a two-to fivefold-higher fracture incidence in HIV-infected subjects than in uninfected subjects. 10 However, HIV infection is a chronic fatal syndrome that cannot be completely eliminated from a mammalian host. Hence, there is an urgent need to alleviate TDF-induced osteoporosis in retrovirus-infected populations that are chronically administered with TDF.
Currently, there are two major pharmacological approaches to protect against osteoporosis: anabolic agents to stimulate bone formation, such as parathyroid hormone; and antiresorptive agents to inhibit bone resorption, such as bisphosphonates, calcitonin, raloxifene, and estrogen. Indeed, these medications improve bone mineral density (BMD) and reduce the risk of fractures in the initial years; however, their long-term safety and efficacy are the subject of ongoing concern. 11 Therefore, the accumulation of various negative factors for osteoporosis have increased the suffering of the retrovirus-infected population. Accordingly, safe and effective new treatments against TDF-induced osteoporosis should be explored.
The human gut is colonized by trillions of metazoans and comprises a diverse microecosystem known as the gut microbiota. 12 Importantly, several recent lines of evidence supported the hypothesis that the gut microbiota has an effect on bone homeostasis. 13 Lactobacillus rhamnosus GG (LGG), a type of probiotic from the gut of healthy individuals, is characterized by high and sustained adhesiveness to the intestinal mucosa. 14 LGG ameliorates alcohol-induced liver injury by improving intestinal integrity. 15 Moreover, administration of LGG improved the prognosis of pneumonia induced by Pseudomonas aeruginosa by upregulating regulatory T cell (Treg) levels and downregulating the systemic inflammatory response. 16 Therefore, we hypothesized that LGG could increase intestinal barrier integrity and downregulate the systemic inflammatory response, resulting in attenuation of TDFinduced bone loss. In addition, considering the efficacy and safety of TDF, clinical research has shown that the HIV ribonucleic acid (RNA) viral load remained stable in the blood of HIV-infected patients and no adverse events were reported when LGG was administered orally, indicating that LGG was well tolerated by patients with HIV. 17 In the present study, we aimed to evaluate the effects of LGG oral administration on TDF-induced bone loss in mice, and to further explore the underlying mechanism of these effects in vitro and in vivo.
Materials and methods

Bacterial strain, reagents, and antibodies
LGG (accession number 53103) and Escherichia coli (accession number 25922) were purchased from ATCC (Rockville, MD, USA). De Man, Rogosa, and Sharpe (MRS) broth and LuriaBertani (LB) broth were purchased from OXOID (Hampshire, UK). TDF, zoledronic acid (ZOL), FD4 (fluorescein-isothiocyanate-dextran), calcein, alizarin-3-methyliminodiacetic acid, phorbol 12-myristate 13-acetate (PMA), and ionomycin were purchased from Sigma-Aldrich (Saint Louis, MO, USA). GolgiStop was obtained from BioLegend (San Diego, CA, USA interleukin (IL)-17A (cat#45-7177-82) were purchased from eBioscience (San Diego, CA, USA). Roswell Park Memorial Institute (RPMI) 1640 medium, fetal bovine serum (FBS), 100 U/ml penicillin G, and 100 mg/ml streptomycin were obtained from Gibco (Grand Island, NY, USA).
Culture of LGG and E. coli
LGG and E. coli were cultured in MRS broth and LB broth at 37°C in accordance with the ATCC guidelines, respectively. In brief, the bacteria were harvested from broth by centrifugation. Colony forming units (CFUs) were counted by dilution and streaking on agar plates at 37°C overnight using Easy Spiral Pro (Interscience, St. Nom, France).
Animals and administration procedure
Mice aged 6 weeks and male (C57BL6/J) were purchased from Vital River Inc. (Beijing, China). The mice were housed under specific pathogenfree conditions at the Peking University School and Hospital of Stomatology. They were allowed free access to a sterilized maintenance diet and autoclaved water in a 12 h light-dark cycle at a room temperature of 21 ± 2°C. All animal experiments were approved by the Animal Care and Use Committee of Peking University Health Science Center (approval number: LA2016305; Beijing, China).
The mice were randomly assigned to five groups after acclimatization for 1 week: (a) Sham group: the mice were administered with normal saline (NS) vehicle by oral gavage; (b) LGG+TDF group: the mice were administered by oral gavage with 0.86 mg TDF [43 mg/kg body weight (BW), dissolved in NS] every day according to the body surface area between mice and humans (300 mg/d TDF for human), 18 and orally administered with 5 × 10 8 CFU LGG (10 9 CFU/ml, dissolved in NS) twice a week; (c) E. coli+TDF group: the mice were administered by oral gavage with the same dose of TDF solution as the LGG group every day and orally administered with 5 × 10 8 CFU E. coli dissolved in NS (10 9 CFU/ml) twice a week; (d) TDF group: the mice were administered by oral gavage with TDF solution in the same dose of the above groups every day (negative control); (e) ZOL+TDF group: as a positive control, the mice were injected with ZOL (100 μg/ kg BW) subcutaneously once a week for the first 4 weeks and orally administered with TDF solution at the same dose as the above groups. The BW of mice was recorded weekly. The mice were sacrificed at 8 weeks after administration. Tibiae were dissected thoroughly free from soft tissue. The tips of the tibiae were removed and bone marrow (BM) was harvested by inserting a syringe needle into one end of the bone and flushing with RPMI 1640 medium, as previously described. 19 Thereafter, the cells were cultured in maintenance medium (RPMI 1640 medium containing 10% FBS, 100 U/ml penicillin G, and 100 mg/ml streptomycin) at 37°C in an incubator with an atmosphere comprising 95% air and 5% CO 2 . After 48 hours, the cell supernatants were collected for enzyme-linked immunosorbent assay (ELISA) detection.
Intestinal permeability tests
To assess the intestinal barrier function mediated by paracellular permeability in vivo, intestinal permeability tests using fluorescently labeled dextran were performed. 20 In brief, FD4 (22 mg/ml) was administered at 11 mg per mouse in every group by oral gavage. At 4 hours after administration, the mouse serum was obtained through terminal cardiac puncture under general anesthesia. The serum FD4 concentration was calculated using a microtiter plate luminometer (Enspire Perkin Elmer, Waltham, MA, USA) using excitation at 485 nm and emission at 530 nm.
Microcomputed tomography (CT) analyses
To assess the bone mass and microarchitecture among the five groups, microcomputed tomography (micro-CT) was performed using the Inveon MM system (Siemens, Munich, Germany) as previously described. 21 In brief, the specimens were scanned at an effective pixel size of 8.89 μm, a voltage of 60 kV, a current of 220 μA, and an exposure time of 1500 ms in each of the 360 rotational steps, in vivo and ex vivo. The images consisted of 1536 slices and had a voxel size of 8.89 μm in all three axes. Three-dimensional (3D) visualization images were reconstructed by two-dimensional images and the parameters were calculated using Inveon Research Workplace (Siemens) as follows: BMD, bone mineral content (BMC), cortical bone area/total bone area (%Ct.Ar), bone volume/total volume (BV/TV), trabecular number (Tb.N), bone surface area/ bone volume (BS/BV), trabecular separation (Tb.Sp), and trabecular thickness (Tb.Th) in the region of interest of the femur (1-2 mm below the distal growth plate; Figure S1 ), L4 vertebra (trabecular bone of the centrum), mandible (septa interradicularia mandibulaeta and mandibular angle), and growth plates, as described previously [22] [23] [24] according to guidelines set by the American Society for Bone and Mineral Research. 25 
Dynamic histomorphometric analyses
To evaluate their dynamic histomorphometry, mice were injected with calcein [20 mg/kg BW, intraperitoneal (i.p.)] and alizarin-3-methyliminodiacetic acid (30 mg/kg BW, i.p.) at 10 and 3 days before euthanasia, respectively. After sacrifice, the tibia was fixed, dehydrated, and embedded in destabilized methyl methacrylate resin to make slices of undecalcified bones. Next, the sections were ground and polished to 40-60 μm using an EXAKT precision cutting and grinding system (EXAKT Apparatebau, Hamburg, Germany) and stained with toluidine blue. The mineral apposition rate (MAR) and bone formation rate/bone surface (BFR/BS) were detected using the Bioquant software (BioQuant, San Diego, CA, USA). 26 
Hematoxylin and eosin (H&E) staining and tartrate-resistant acidic phosphatase (TRAP) staining
To further explore the histomorphology of the femur and gut, tissue slicing, and H&E staining were performed. First, the femur was decalcified for 2 weeks in 10% EDTA (pH 7.4). Thereafter, the specimens were dehydrated, followed by embedding in paraffin. Sections about of 5 mm thick were made and stained with H&E. 19 In addition, tartrate-resistant acidic phosphatase (TRAP) staining was performed using a TRAP staining kit (Sigma-Aldrich).
Biomechanical assays
To investigate the biomechanics of the femur, 3-point flexural tests were performed. The femurs were subjected to push down by a plunger at a speed of 1.0 mm/min using a servohydraulic testing device (Instron 4302, Norwood, MA, USA), as previously described. 27 Load-deformation curves were recorded during the bending process. The analysis area was the mid-diaphysis of the femur. The parameters were calculated as follows: The maximum load, energy to ultimate load, Young's modulus, stiffness, and breaking energy.
Assay for biochemical markers
To evaluate the serum biochemical markers of bone turnover and proinflammatory cytokines, the associated ELISAs were performed according to the manufacturer's instructions. 21 Specifically, ELISA for procollagen 1 N-terminal peptide (P1NP), receptor activator of nuclear factor kappa-B ligand (RANKL), and cross-linked carboxy-terminal telopeptide of type 1 collagen (CTX-1; IDS, Frankfurt, Germany) were detected for bone turnover; tumor necrosis factor alpha (TNF-α) and interleukin 17 (IL-17) were also measured using commercial ELISA kits ( eBioscience, San Diego, CA, USA) to explore levels of inflammatory markers in the serum and cell supernatant. Moreover, the serum levels of calcium (Ca) and phosphorus (P) were measured using a plasma emission spectrometer (iCAP 6000; Thermo Fisher Scientific, Waltham, MA, USA). In addition, to assess whether LGG administration disturbed the TDF levels in blood, the serum TDF concentrations in the five groups were detected using an Agilent 1260 HPLC instrument (Agilent Technologies, Santa Clara, CA, USA) as previously described. 28 Samples were measured at least in duplicate.
Flow cytometry
To explore the effects on Treg and Th17 cells in this study, fluorescence-activated cell sorting (FACS) was used as previously described. 29 First, single-cell suspensions of the spleen, BM, and mesenteric lymph node (MLN) were prepared in RPMI 1640 culture medium. Next, the cells were incubated at 37°C for 4 h with PMA (50 ng/ml) and ionomycin (1 μg/ml) before adding GolgiStop (1 μg/ml). The cells were then stained with fluorescein-isothiocyanate-labeled anti-CD4 or APC-labeled anti-CD25 antibodies to detect surface markers, followed by intracellular staining with PerCp/Cy5.5 anti-IL-17A or PE anti-FOXP3 antibodies. Cells were detected using an LSRII flow cytometer (BD Biosciences, journals.sagepub.com/home/taj 5
San Jose, CA, USA). The results are shown as cell frequency (%).
RNA extraction and quantitative real-time PCR (qPCR)
RNA was extracted from femurs and 10-mm piece of intestine from mice using the Qiagen RNeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. First-strand complementary deoxyribonucleic acid (cDNA) was then synthesized using a reverse-transcription system (Takara, Kyoto, Japan). The relative abundance of the cDNA was assessed using quantitative polymerase chain reaction (qPCR) analysis using the 7500 Real-Time PCR Detection System (Applied Biosystems, Foster City, CA, USA). The following thermal settings were used: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The primers used are listed in Table  S1 . The data were analyzed using the 2 -ΔCT method with normalization to Gapdh expression. 30 Samples were measured at least in duplicate.
Gut microbiota composition analysis
To evaluate the bacterial diversity and community structure of the gut microbiota in the five groups, mice feces were analyzed via 16S recombinant deoxyribonucleic acid (rDNA) gene analysis, as previously described. 31 Briefly, feces were collected from the five groups of mice and total genomic DNA of the gut microbiota was extracted using a QIAamp DNA Mini Kit (Qiagen). Subsequently, the 16S rDNA V3-V4 region was amplified using universal primers for 16S V3-V4: 338F-806R. Next, the PCR products were purified, quantified, and sequenced using the MiSeq platform (Auwigene Co., Beijing, China) according to the vendor's standard protocols. The raw metagenomic data of the feces samples in the five groups have been deposited at the Sequence Read Archive of the National Center for Biotechnological Information under accession number SRP162310.
The pyrosequencing data were analyzed using the Quantitative Insights Into Microbial Ecology (QIIME) software package (QIIME development team, USA). Specifically, the raw sequences were identified as valid sequences for further analysis after low-quality sequences were excluded.
High-quality sequences were clustered into operation taxonomic units (OTUs) at a similarity over 97% using Usearch (Edgar, USA).
To show the shared and unique OTUs among the groups, a Venn diagram was constructed according to quantity of OTUs in the group. However, for the alpha diversities, Tukey's test was used to compare the significant differences among the five groups. Moreover, beta diversity analysis was performed to assess the similarity of the gut microbiota community structures among the five groups according to UniFrac distances, using a weighted algorithm and visualized via principal coordinate analysis (PCoA). Furthermore, the taxa abundances at the phylum, class, order, family, genus, and species levels were statistically evaluated and graphed for the differences among the five groups. Thereafter, the linear discriminant analysis effect size (LEFSe) was calculated to show differentially relative abundances of the species based on a p value of 0.05 and a linear discriminant analysis (LDA) threshold of 3.0. The network analysis was visualized based on the genera (rho > 0.6, p < 0.01).
Metabolomics analysis of fecal sample using UPLC-Q-TOF/MS
To identify the differential metabolites between the LGG and TDF groups, metabolomics analysis of fecal sample between the two groups was performed using ultra-performance liquidchromatography-quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF/MS), as previously described. 32 First, fecal samples were prepared and the resulting supernatants were used for analysis together with an internal standard. Second, UPLC-Q-TOF/MS analysis was conducted using an ACQUITY UPLC I-Class system coupled with a VION IMS QTOF mass spectrometer (Waters Corporation, Milford, USA). To evaluate the data repeatability, the quality control and blank control samples were added into a set of samples. Thereafter, the raw data were analyzed to generate a data set using the progenesis QI software (Waters Corporation). Next, the data set was imported into the SIMCA software package (version 14.0, Umetrics, Umeå, Sweden) to carry out principal component analysis and orthogonal partial least-squares-discriminant analysis (OPLS-DA) between two groups. Variables with a variable importance in the projection (VIP) 6 journals.sagepub.com/home/taj > 1.0 were deemed to contribute to group discrimination in the OPLS-DA model. The metabolites with a VIP > 1.0 and p < 0.05 in the data set were considered as markers responsible for the differentiation between the two groups by multivariate and univariate statistical methods. Lastly, the Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to link these metabolites to metabolic pathways to further interpret their biological significance.
Statistical analysis
The data are expressed as the mean ± standard deviation (SD). Statistical Package for Social Sciences v16.0 (IBM Corp., Armonk, NY, USA) was used to perform the statistical analyses. Independent two-tailed student's t test or oneway analysis of variance (ANOVA) with post hoc test application of least significant difference (LSD) for multiple comparisons were carried out. p values less than 0.05 were considered significant. Statistical analysis was performed using GraphPad Prism 5 (GraphPad Inc., La Jolla, CA, USA).
Results
Supplementation with LGG attenuates bone loss induced by TDF
First, the results of the differences of BW between baseline and 8 weeks showed that the LGG+TDF group had a dramatically lower BW than that of the E. coli+TDF and TDF groups at 8 weeks (p < 0.05, respectively). However, the difference in BW for the TDF group was highest among the five groups (p < 0.05, respectively; Figure S2 ). Next, to investigate the role of LGG in TDFinduced bone loss, BMD and bone morphometry of the femur were carried out to assess the mass and microarchitecture of bone using micro-CT, and the results are shown in Table 1 and Figure  1 (a). At 8 weeks, the LGG+TDF group exhibited a substantial increase in the BM BMD (Ma. BMD), %Ct.Ar, BV/TV, Tb.N, and a significant decrease in the BS/BV and Tb.Sp compared with those in the E. coli+TDF and TDF groups (p < 0.05, respectively), which was consistent with the Sham group. Notably, the ZOL+TDF group had the highest Ma.BMD, BMC in BM (Ma. BMC), BV/TV, and Tb.Th and the lowest BS/BV and Tb.Sp among the five groups (p < 0.05, respectively). Besides, ZOL+TDF group had a significantly increased %Ct.Ar compared with the E. coli+TDF and TDF groups (p < 0.05, respectively). Moreover, the LGG+TDF group had a markedly increased Tb.N compared with that in the ZOL+TDF group (p < 0.05). Notably, the bone mass and morphometry of the centrum and mandible in the LGG+TDF group were similar to those of the femur (Table S2) .
Surprisingly, bone regeneration-related parameters in the LGG+TDF group generally showed better effects at 4 weeks than at 8 weeks (Table  S3 and Figure S3 ). In particular, the BV/TV and Ma.BMD in the LGG+TDF and Sham groups showed significant increases at 4 weeks compared with baseline, and dramatic decreases at 8 weeks compared with those at 4 weeks (p < 0.05, respectively). However, there were continuous decreases for these two parameters in the E. coli+TDF and TDF groups at 4 and 8 weeks compared with baseline (p < 0.05, respectively). Besides, the BV/ TV and Ma.BMD values in the ZOL+TDF group showed a significant increase at 4 and 8 weeks compared with baseline [p < 0.05, respectively; Figure 1 To further assess bone regeneration, growth plate thickness was measured. The results revealed that the growth plates in the LGG+TDF group were the thickest among the five groups (p < 0.05, respectively), as measured by micro-CT and histology. Moreover, there were more hypertrophic chondrocytes in the growth plate of the LGG+TDF group compared with those in the other groups, indicating that more active endochondral ossification occurred in the LGG group. Besides, the E. coli+TDF and TDF groups had significantly thinner growth plates compared with those of the ZOL+TDF and Sham groups [p < 0.05, respectively; Figure 2 Consistent with abovementioned static indices of bone microarchitecture, dynamic histomorphometric analyses using double fluorescent labeling also showed that the MAR and BFR/BS ratio in the LGG+TDF group were the highest among the five groups (p < 0.05, respectively). Moreover, the MAR of the ZOL+TDF group was the lowest journals.sagepub.com/home/taj 7 among the five groups (p < 0.05, respectively). Besides, the BFR/BS ratios of the E. coli+TDF, TDF, and ZOL+TDF groups were lower than that in the Sham group [p < 0.05, respectively; Figure 2 (c,d)].
As expected, the serum P1NP level of the LGG+TDF group was the highest among the five groups (p < 0.05, respectively). Besides, the ZOL+TDF group had a dramatically increased P1NP level compared with the E. coli+TDF and TDF groups [p < 0.05, respectively; Figure 3 Biomechanics is a key index for osseous evaluation. The results of the biomechanical parameters suggested that the maximum load, energy to ultimate load, Young's modulus, stiffness, and breaking energy in the LGG+TDF group were markedly increased compared with those in the E. coli+TDF or TDF groups (p < 0.05, respectively). Besides, the maximum load, energy to ultimate load, and stiffness of the ZOL+TDF group were significantly increased compared with those of the E. coli+TDF or TDF groups [p < 0.05, respectively; Figure 3(d) ]. LGG administration protects against osteoclastogenesis and associated inflammatory responses in BM To determine whether bone loss was associated with osteoclastogenesis, the results indicated that the N.Oc/BS and Oc.S/BS of LGG+TDF, Sham, and ZOL+TDF groups significantly decreased compared with the E. coli+TDF and TDF groups (p < 0.05, respectively), which were similar with the images on TRAP staining [ Table 1 Figure 3. Administration of LGG improved serum bone turnover markers and biomechanical properties at 8 weeks.
Serum levels of P1NP (marker of bone formation) (a), CTX-1 (marker of bone resorption) (b), and the TDF concentration (serum TDF concentration was undetectable because no TDF was administered in the Sham group) (c). (d) The biomechanical parameters of maximum load, energy to ultimate load, Young's modulus, stiffness, and breaking energy were evaluated using a 3-point flexural test. n = 8-10 mice per group in all panels. Data are expressed as mean ± SD. All data were normally distributed according to the Shapiro-Wilk normality test and analyzed using two-way ANOVA and post hoc tests applying the LSD correction for multiple comparisons. LGG administration protected against osteoclastogenesis and modulated the immune response in the BM. Figure S4 ).
To explore whether osteoclastogenesis was related to inflammation, ELISA and FACS were performed. Compared with those in the E. coli+TDF and TDF groups, the concentrations of TNF-α and IL-17 in the cell supernatant were dramatically decreased in the LGG+TDF group (p < 0.05, respectively). Besides, the ZOL+TDF group had a significantly increased TNF-α level compared with that in the Sham, LGG+TDF, and E. coli+TDF groups, and a decreased IL-17 level compared with that in the LGG+TDF, E. coli+TDF, and TDF groups [p < 0.05, respectively; Figure 4 (c,d)]. Moreover, the FACS results revealed that the ratio of Treg cells in the CD4 + T cell subset and the Treg:Th17 cell ratio in the LGG+TDF group were the highest among the five groups (p < 0.05, respectively). In contrast, the proportion of Th17: CD4 + T cells in the LGG+TDF group decreased dramatically compared with that in the E. coli+TDF and TDF groups (p < 0.05, respectively). Besides, the ZOL+TDF group had a significantly decreased proportion of Th17:CD4 + T cells compared with that of the TDF group [p < 0.05; Figure 4 (e-g)].
Consistent with these results, the data from qPCR showed that the messenger ribonucleic acid (mRNA) levels of Tnfα, Il-17a, Il-1b, and Il-6 (osteoclastogenesis cytokines) in the LGG+TDF group were significantly decreased compared with those in the E. coli+TDF, TDF, and ZOL+TDF groups (p < 0.05, respectively). By contrast, the LGG+TDF group exhibited dramatically increased Ifng (an antiosteoclast cytokine) and Foxp3 (forkhead box p3) mRNA levels compared with those in the E. coli+TDF, TDF, and Sham groups (p < 0.05, respectively). Notably, the ZOL+TDF group had the highest Ifng level among the five groups (p < 0.05, respectively; Figure S4 ).
LGG regulates intestinal inflammatory response and intestinal permeability
To explore the systemic inflammatory response induced by LGG, serum proinflammatory cytokines and lymphocytes of the spleen were detected. Consistent with the inflammatory response in the BM, serum RANKL, TNF-α, and IL-17 levels in the LGG+TDF group were lower than those in the E. coli+TDF and TDF groups (p < 0.05, respectively). Besides, the ZOL+TDF group had significantly decreased RANKL and IL-17 levels compared with those in the E. coli+TDF and TDF groups and increased TNF-α levels compared with those in the Sham and LGG+TDF groups [p < 0.05, respectively; Figure  5 To investigate whether the inflammatory response in the intestine triggers an initial systemic inflammatory response, histology, qPCR, and FACS assays were performed. The quantification of the area of inflammatory cell infiltration showed that the LGG+TDF, Sham, and ZOL+TDF groups had a significantly decreased area of inflammatory cell infiltration compared with that in the E. coli+TDF and TDF groups (p < 0.05, respectively) that were similar to the representative images on area of inflammatory cell infiltration in intestinal mucosa from intestinal slicing stained by H&E in the five groups [ Figure S5 (a)]. Further results for the lymphocytic ratio in MLNs revealed that the LGG+TDF group had dramatically increased ratios of Treg:CD4 + T cells and Treg:Th17 cells, and a decreased proportion of Th17:CD4 + T cells compared with those in the E. coli+TDF, TDF and Sham groups, which was similar to the data from the BM and spleen (p < 0.05, respectively). Notably, the changes in Treg and Th17 cells were more robust compared with those in the BM and spleen [ Figure 6 (a-c)]. Furthermore, the transcript levels of inflammationrelated mRNAs also supported these results. Specifically, the mRNA levels of Tnfα, Il17a, Il1b, and Il6 in the LGG+TDF group were lower than those in the E. coli+TDF and TDF groups (p < 0.05, respectively). However, there were significant increases in Ifng and Foxp3 mRNA levels in the LGG+TDF group journals.sagepub.com/home/taj 13
Figure 5.
LGG regulated the systemic inflammatory response. The inflammatory status of the gut is associated with changes in intestinal permeability. 33 The claudin family (CLDN) plays a key role in gap junction protein synthesis, which is important for physiological tightening of the intestinal barrier. 34 The results showed that the mRNA levels of Cldn2, Cldn3, and Cldn15 were higher in the LGG+TDF and ZOL+TDF groups than in the E. coli+TDF and TDF groups, although the LGG+TDF group had dramatically increased Cldn3 and Cldn15 mRNA levels compared with those in the ZOL+TDF group [p < 0.05, respectively; Figure 6(d) ]. Moreover, serum endotoxin (ET) and FD4 concentration levels increased dramatically in the LGG+TDF and ZOL+TDF groups compared with those in the E. coli+TDF, TDF, and Sham groups (p < 0.05, respectively), which showed indirectly that the LGG+TDF and ZOL+TDF groups had tighter intestinal barriers [ Figure 6 (e,f)].
LGG reconstructs the community structure and metabolite composition of the gut microbiota To determine how LGG regulates the intestinal inflammatory response and intestinal permeability, the effects on the gut microbiota triggered by LGG were investigated. First, the overall diversity and structure of the intestinal microbial ecosystem was assessed. The data from 16S pyrosequencing of mice feces showed that 529 OTUs at 97% identity could be used to assess the differences among the groups. The shared and unique OTUs are illustrated in a Venn diagram [ Figure 7 (a)]. Moreover, the alpha diversity indices of Chao1, observed_species, and Shannon index in the LGG+TDF group were markedly decreased compared with those in the Sham, E. coli+TDF, or TDF groups (p < 0.05, respectively). Moreover, the ZOL+TDF group had the lowest Chao1 and observed_species index and highest goods_coverage index among the five groups (p < 0.05, respectively), which indicated that there were significant decreases in both bacterial diversity and richness in the guts of the LGG+TDF and ZOL+TDF groups (Table S4 ). In addition, PCoA based on the weighted UniFrac distances of OTU levels at 97% identity also revealed that the community structure of the LGG+TDF group was not analogous to that of the TDF group. However, the community structure of the ZOL+TDF group was totally different to those of the other four groups [ Figure 7(b) ]. Further analysis using LEFSe revealed significant differential microbiota compositions among the five groups. Notably, there were 21 preponderant microbiota in the ZOL+TDF group, which was the most among the five groups. In the LGG+TDF group, there were relatively higher abundances of Lactococcus, Enterobacteriaceae, Clostridiaceae_1, Candidatus_Arthromitus, and Enterobacteriales. However, the TDF group was enriched for Ruminococcaceae_UCG_014 and Marvinbryantia, based on the LDA distribution histogram and cladogram. Moreover, the preponderant microbiota in the LGG+TDF, E. coli+TDF, TDF, and ZOL+TDF groups did not match with that of the Sham group [ Figure  7 (c) and Figure S6 Secondly, metabolomics analysis of fecal samples was performed using UPLC-Q-TOF/MS to identify the differential metabolites between the LGG+TDF and TDF groups. A two-component OPLS-DA model indicated a definite separation between the LGG+TDF and TDF groups [ Figure  S7 (a)]. Next, 116 differentially abundant metabolites, based on those having a VIP > 1.0, were selected from 16,981 peaks using a two-component OPLS-DA model [ Figure S7(b) ]. Thereafter, considering the relative abundances of the metabolites between the two groups, 19 differentially abundant metabolites were chosen from 116 differentially abundant metabolites, based on a fold change (FC) > 2.5 or FC < 0.4 (ratio of LGG group relative to the TDF group; Table 2 ). In the table, eight kinds of glycerophospholipids were present among the 19 metabolites, which was the most of any metabolite group among the differentially abundant metabolites. However, six glycerophospholipids were present in the feces of the LGG+TDF group and two were present in the journals.sagepub.com/home/taj 15
Figure 6.
LGG regulated the intestinal inflammatory response and permeability. (f) Serum FD4 levels were measured in serum (n = 9-10 mice per group). Data are expressed as mean ± SD. All data were normally distributed according to the Shapiro-Wilk normality test and analyzed using two-way ANOVA and post hoc tests applying the LSD correction for multiple comparisons. LGG reconstructed the intestinal microbial ecosystem at 8 weeks. feces of the TDF group. Accordingly, glycerophospholipid metabolism was increased in the LGG+TDF group compared with that in the TDF group (p < 0.01) based on analysis of the KEGG database [ Figure S7 (c)]. Moreover, there were four lysophosphatidylcholines (LysoPCs) in the six glycerophospholipids of the LGG+TDF group, which might have an anti-inflammatory ability by suppressing leukocyte infiltration, leukotrienes, and proinflammatory cytokines. [35] [36] [37] Notably, the metabolite N-acetyl-leukotriene E4
(N-acetyl LTE 4 ) had the highest relative abundance in the TDF group, which was markedly and positively linked with a number of pathophysiological characteristics, including inflammation, asthma, and thrombosis. 38
Discussion
In this study, administration of LGG for 8 weeks reversed the loss of trabecular bone in the BM induced by TDF, which was consistent with the results for other probiotics in previous studies. 39 Moreover, Ohlsson and colleagues stated that probiotics could protect against ovariectomization-induced cortical bone loss. 40 Our research also showed that LGG protected against the cortical bone loss induced by TDF, which is major determinant of bone strength. As expected, ZOL also exhibited excellent antiresorptive ability, especially in terms of Ma.BMD and BV/TV. Further biomechanical assays revealed that femurs treated with LGG had excellent biomechanical properties, especially the Young's modulus in the LGG+TDF group, which increased dramatically compared with that in the ZOL+TDF group, which has great significance in avoiding fragility fractures. 41 The biomechanical properties of the ZOL+TDF group were similar to those of the LGG+TDF group except for Young's modulus. Notably, we observed the BV/ TV and Ma.BMD of the trabecular bone at different time points, and unlike in the ZOL+TDF group, there was a similar tendency to increase from baseline to 4 weeks and decrease from 4 weeks to 8 weeks in both the LGG+TDF and Sham groups, which indicated that the trabecular bone microarchitecture could not be maintained at a high level for a long time, although the bone microarchitecture at 8 weeks was analogous to the parameters at baseline. Surprisingly, the volume of cortical bone kept increasing and the %Ct.Ar was similar among the LGG+TDF, ZOL+TDF, and Sham groups at 8 weeks, which favored the bone mechanical properties.
Increasing evidence supports the hypothesis that the inflammatory response is closely associated with osteoclastogenesis. 42 Generally, osteoclastogenesis is regulated by the production of immune factors such as RANKL, TNF-α, and IL-17. 43 RANKL is secreted by many kinds of cells, such as hematopoietic cells, T cells, and B cells. As the primary factor of osteoclastogenesis, RANKL is highly expressed in subjects with HIV receiving TDF compared with subjects with HIV who did not receive TDF. 44 Several recent studies showed that TNF-α-mediated osteoclastogenesis was activated through potentiation of RANKL, 45 which was consistent with our results. Th17 cells, a type of CD4 + T cell defined by its ability for IL-17 production, can also promote osteoclastogenesis by secreting IL-17, RANKL, TNF-α, IL-1, and IL-6. 46 Moreover, RANKL secretion from osteoblastic cells was increased by IL-17. 47 In the present study, higher expression of RANKL, TNF-α, and IL-17 was detected in both the BM supernatant and serum in the TDF group compared with that in the LGG+TDF group, which contributed to the osteoclastogenesis induced by TDF. However, as a subset of CD4 + CD25 + T lymphocytes, Treg cells express the FOXP3 marker, which plays a key role in suppressing the inflammatory response. 48 For example, Xu and colleagues showed that triptolide could inhibit the bone resorption induced by osteoclastogenesis by enhancing the production of Treg cells in vitro. 49 Moreover, Tyagi and colleagues also showed that butyrate stimulates bone formation via a Treg-dependent mechanism. 50 Furthermore 20 Furthermore, Chen and colleagues demonstrated that LGG supernatants ameliorated hepatic injury induced by chronic-binge alcohol by promoting the intestinal barrier function. 53 In this study, we also showed that LGG increased the intestinal barrier integrity and ameliorated bone loss. ZOL also exhibited an ability to increase intestinal barrier integrity, partially.
Given that TDF promotes increased intestinal permeability and LGG reversed it, how does TDF or LGG work in the gut? To answer this, we focused on the gut microbiota composition and related metabolites. The results showed that the bacterial diversity and richness of gut microbiota were reconstructed in both groups, suggesting that reconstruction of the gut microbiota triggered by LGG or TDF played a key role in regulating intestinal permeability and the inflammatory response. Furthermore, metabolomic analysis of fecal samples showed that that the most differentially abundant metabolites in the LGG+TDF group were LysoPCs, which exhibit excellent anti-inflammatory effects by inhibiting the formation of proinflammatory leukotrienes and cytokines such as TNF-α, IL-2, and IL-6. [35] [36] [37] To the best of our knowledge, this research was the first to show that the preponderant metabolite N-acetyl LTE 4 from feces was detected after being administered to TDF by oral gavage. N-acetyl LTE 4 can be synthesized from leukotriene C4, leukotriene D4, and LTE 4 54 and triggers a number of pathophysiological effects, including inflammation, asthma, and thrombosis, 38 and is the probable source of the systematic inflammatory response triggered by TDF. Therefore, we concluded that the LysoPCs expressed by LGG-induced gut microbiota suppressed proinflammatory leukotrienes and the associated inflammatory response triggered by TDF, which may be a rational explanation for the initial role of LGG in the gut.
Generally, ZOL plays an antiosteoporotic role by suppressing the bone resorption induced by osteoclasts, directly. 55 In brief, ZOL has high affinity for hydroxyapatite and localizes preferentially at areas of high bone turnover, which can be released during bone resorption and is subsequently internalized by osteoclasts. 56 ZOL acts by inhibiting the mevalonate pathway in osteoclasts by suppressing farnesyl pyrophosphate synthase (FPPS) and preventing subsequent downstream protein prenylation. 57, 58 Finally, ZOL inhibits osteoclast formation and osteoclast-mediated bone resorption, and induces apoptosis of osteoclasts. However, bone formation induced by osteoblasts was almost unaffected at the early stage of ZOL ingestion. Hence, the bone mass and BMD of the femur will increase quickly after the administration of ZOL.
In this study, we found that the ZOL+TDF group had the lowest tibial MAR and BFR among the five groups, and less serum P1NP compared with that in the LGG+TDF group, which meant that bone formation was also suppressed after long-term ZOL ingestion. Previous studies similarly concluded that the MAR and BFR were inhibited after ZOL administration. 59, 60 Besides, bone metabolism and osteointegration can be directly inhibited, and new bone formation further decreased, when ZOL is applied locally to grafted bones. 61, 62 How does ZOL have an adverse function in bone formation? It may be associated with the gradual and mild suppressing the activity of osteoblasts by chronically administered ZOL. For example, ZOL inhibited the function of osteoblasts in a dose-dependent manner in vitro. [63] [64] [65] Moreover, ZOL also induced apoptosis of osteoblasts. 66 We also showed that the TNF-α level in the BM was upregulated in the ZOL+TDF group compared with that in the LGG+TDF group. De Barros Silva and colleagues also showed that TNF-α from the periodontium of rats was increased by chronic treatment with ZOL. 67 Dhillon and colleagues suggested that γδ-T cells can be activated and expanded, subsequently releasing proinflammatory cytokines like TNF-α, IL-6, or interferon gamma, when FPPS was inhibited by ZOL. 68 There are some limitations of this study. First, the in-depth mechanisms among TDF, N-acetyl LTE 4 , and proinflammatory effects require further exploration. Second, the effect of LGG against TDF-induced osteoporosis should be further investigated based on an HIV/HBV infection animal model, such as a Rhesus Macaque animal model infected with simian immunodeficiency virus.
In summary, LGG reconstructed the community structure of the gut microbiota and promoted the expression of preponderant metabolites (LysoPCs) to suppress TDF-induced leukotrienes.
LGG further improved the intestinal integrity and inhibited the inflammatory response systemically, resulting in attenuation of TDF-induced bone loss in mice (Figure 8 ). Our study suggested a potential therapeutic strategy for using probiotics to prevent or treat TDF-induced osteoporosis.
